This study investigated the physicochemical forces involving the adhesion ofListeria monocytogenes to surfaces. A total of 22 strains of L. monocytogenes were compared for relative surface hydrophobicity with the salt aggregation test. Cell surface charges and hydrophobicity of L. monocytogenes Scott A were also determined by electrophoretic mobility, hydrophobic-interaction chromatography, and contact angle measurements. Electrokinetic measurements indicated that the strain Scott A has a negative electrophoretic mobility. Physicochemical characterization of L. monocytogenes by various methods indicates that this microorganism is hydrophilic. All L. monocytogenes strains tested with the salt aggregation test method aggregated at very high ammonium sulfate molarities. The hydrophobicity-interaction chromatography results show that L. monocytogenes Scott A cells do not adhere to octyl-Sepharose unless the pH is low. Results from contact angle measurements showed that the surface free energy of strain Scott A was 65.9 mJ m-2, classifying this microorganism as a hydrophilic bacterium. In addition, the interfacial free energy of adhesion of L. monocytogenes Scott A estimated for polypropylene and rubber was lower than that for glass and stainless steel. However, these theoretical implications could not be correlated with the attachment capabilities of L. monocytogenes.
In recent years, Listeria monocytogenes has become a source of concern for the food industry because of outbreaks of food-borne illness associated with consumption of food products (8, 9) . The psychotrophic nature of L. monocytogenes (7, 24) along with its ability to come into contact with inert surfaces and become attached to them makes its presence in food processing plants a major problem (10, 14, 15) .
The capability of L. monocytogenes to adhere to surfaces represents a source of potential contamination for a wide variety of material coming in contact with solid surfaces (4) . However, the mechanisms governing the adhesion of L. monocytogenes to inert surfaces are not understood and have not been defined. Several studies have shown that the adhesion of bacteria partly depends upon the nature of the inert surfaces, since bacteria become attached to different surfaces with various degrees of efficiency, and partly upon the bacterial surface properties (1, 11, 19) .
Several studies have described bacterial adhesion in terms of physicochemical parameters such as hydrophobicity (5, 17, 22) , surface energy (1, 3) , and electrostatic interactions of the cell particles with the supports (2, 21, 27) . The major forces of attraction and repulsion between bacterial cells and solid substrata include long-range Lifshitz-van der Waals interactions (LW) and (SR) short-range interactions caused by hydrogen bonds (19, 28) . The electrostatic repulsion can be compensated by the van der Waals attraction under some conditions, according to the Derjagouin-Landau-VerweyOverbeek theory (26) .
In this paper, the cell hydrophobicities of 22 isolates of L. monocytogenes were measured with the salt aggregation test (SAT) . In addition, cell surface charges and hydrophobicity of L. monocytogenes Scott A were also determined by electrophoretic mobility, hydrophobic interaction chromatography (HIC), and contact angle measurements. Calculations of the free energies of adhesion (derived from surface free energies from total, LW, and SR contributions) of L. monocytogenes cells onto stainless steel, glass, polypropylene, and rubber were made.
MATERIALS AND METHODS
Microorganisms, media, and culture conditions. The bacterial strains used in this study are listed in Table 1 24 .5°C. ZP was converted to a standard reference temperature of 20°C as follows:
ZP corrected = ZP measured x (1 -0.02At) (1) where At is the difference between the sample and reference temperatures (20°C).
Contact angles. The contact angle measurements were performed on bacterial layers of L. monocytogenes Scott A deposited on membrane filters. Ten milliliters of bacterial suspensions containing 2 x 108 CFU/ml was filtered and collected by vacuum filtration on a membrane filter of 47-mm diameter (pore size, 0.45 ,um; Gelman Sciences Inc., Ann Arbor, Mich.). The prepared membrane filters were then mounted on a flat, rigid support with double-sided adhesive tape. Contact angles were determined as a function of drying time by using a goniometer in conjunction with a 100X telescope (Gaertner Scientific Corp., Chicago, Ill.) and estimated to +20 at each drying time (10, 20, 30, 40, 50, 60, 80 , and 120 min) at room temperature. A microsyringe (Chromatographic Specialities Inc., Brockville, Ontario, Canada), at the extremity of which a square-cut Teflon tip was fitted, was used to place drops (1 ,ul) (28) . At least 40 measurements were taken with both wetting agents.
The total surface energy (-yTOT) of hydrated bacteria and the LW (.YLw) and SR hydrogen-bonding (-SR) contributions surface energy have been derived from angle determination with water and a-bromonaphthalene and with the help of an extended Young equation (28) .
RESULTS
SAT. The results of the SAT with a series of 22 strains of L. monocytogenes are shown in Fig. 1 . The lowest ammonium sulfate molarity which gives visual aggregation was recorded as the cell surface hydrophobicity value of these microorganisms. The SAT value of L. monocytogenes Scott A was approximately equivalent to the average value of 3.3 + 0.5 mol/liter. On the other hand, Escherichia coli B44, used as a control microorganism, aggregated in ammonium sulfate buffer of 0.2 M (data not shown). This microorganism possesses piluslike associated antigen K99, which confers hydrophobic characteristics (25) .
HIC. The adsorption of strain Scott A to Sepharose CL-4B and octyl-Sepharose as a function of various molarities of sodium chloride and pH is shown in Table 2 . L. monocytogenes Scott A exhibited no adsorption to a neutral gel (Sepharose CL-4B), since the values of log gle were below 0. At pH 3.5, the adsorption of strain Scott A to octylSepharose, as estimated by log gle, was higher than 0 at high 
AGOT 132 =/GLW132 + AG SR132 (4) in systems in which L. cYLW and ySR contributions surface energy were obtained from contact angle measurements with water of 58.2 ± 1.5, 64.1 + 4.6, 89.9 ± 0.8, and 106.0 ± 2.7' for stainless steel, glass, polypropylene, and rubber, respectively, and contact angle measurements with a-bromonaphthalene of 21.2 + 1.0, 27.1 ± 3.6, 20.6 ± 2.9, and 25.2 ± 1.5°for stainless steel, glass, polypropylene, and rubber, respectively. nium sulfate molarities and could be related to hydrophobic group IV (aggregation occurred at >1.5 mol/liter of ammonium sulfate) as defined by Ljungh et al. (13) and Mamo et al. (18) . This test revealed that L. monocytogenes Scott A expressed low cell surface hydrophobicity. Mozes and Rouxhet (20) noted that the SAT lacks sensitivity and can be used satisfactory only for detecting very hydrophobic microorganisms. These authors reported that the HIC procedures performed with a pH close to the cell isoelectric point and a pH near neutrality allow the identification of hydrophilic microorganisms which are practically not retained by the gel.
The HIC results indicate that the hydrophobicity of L. monocytogenes Scott A, as estimated by log gle, increases as the pH decreases, suggesting that the adsorption of strain Scott A to octyl-Sepharose may be due to modifications of surface potential. Mozes and Rouxhet (20) noted that the pH determines the sign and amplitude of the surface potential and indicated that the isoelectric point of microorganisms is in the pH range of 2 to 3.5. There exists on the cell surface charged groups such as capsules, lipopolysaccharides, and surface proteins with such pKa values that they become protonated when pH diminishes (2, 12) . High ionic strengths also suppressed electrostatic interactions and favored hydrophobic interactions between L. monocytogenes cells and amphiphilic gels. The energy barrier was lowered by high ionic strengths and low pH (12, 20) .
SAT and HIC methods revealed the low hydrophobic nature of L. monocytogenes. The negative HIC values (log gle) obtained at pH 7.0 are in agreement with those of Dickson and Koohmaraie (6) , who also studied the relative hydrophobicity of the strain Scott A. Our results also revealed that at neutral pH (7.3), L. monocytogenes Scott A exhibited a highly negative electrophoretic mobility value compared with those determined by Bayer and Sloyer (2) for gram-positive and gram-negative bacteria. The electrostatic charge of the cell surface is a net charge resulting from the combined charges of the molecules composing the cell surface and their counterions (2) . At pH 3.5, the net charge of strain Scott A surface could approach zero, and this microorganism could be retained on the octyl-Sepharose gel (Table 1) . Mozes and Rouxhet (20) (14) . In addition, the interfacial free energy of adhesion of strain Scott A estimated for polypropylene and rubber was lower than that for glass and stainless steel. However, the interfacial free energy of octyl-Sepharose was quite similar to that of polymeric surfaces. The HIC results show that L. monocytogenes cells do not adhere to octylSepharose unless the pH is very close to the isoelectric point.
Although theoretical premise predicts that polypropylene and rubber could allow better attachment than glass and stainless steel, Mafu et al. (14) did not find correlation between the low surface energy values of polypropylene and rubber and the ability of L. monocytogenes to attach to them. However, Mafu et al. (15) have found that L. monocytogenes Scott A was more resistant to sanitizing agents when attached to polypropylene and rubber surfaces than when attached to glass and stainless steel surfaces, although scanning electron microscopic examination revealed that L. monocytogenes could attach to low-and high-energy surfaces after short contact times (14) .
The physicochemical expression of hydrophobicity of L. monocytogenes Scott A is only apparent at low pH and at high ionic strengths. According to the attachment capabilities of L. monocytogenes reported earlier by Mafu et al. (14) , factors other than cell surface hydrophobicity, such as surface charges and the presence of exopolymer, may be of importance in the adhesion process of this microorganism to stainless steel, glass, polypropylene, and rubber surfaces. 
